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ABSTRACT                        Cortical spreading depression (CSD) is associated with changes in the caliber of 
surface blood vessels; others have described it as a phenomenon which arises spontaneously 
and repetitively following acute cortical injury in animals, including both focal ischemia and 
trauma, while yet other researchers consider it to be an electrophysiological substrate of mi-
graine aura, which may trigger headache. Our group is involved in research into both migraine 
and ischemia-induced pathophysiological states. It therefore appeared reasonable to include 
the study of CSD in the methodological repertoire utilized in our laboratory. We introduced 
two models of CSD induction: CSD evoked during continuous topical KCl application and CSD 
induced through a single KCl microinjection into the cortical tissue. This paper describes details 
of these two methods and of basic parameters of CSDs. Acta Biol Szeged 54(2):161-164 (2010)
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Cortical spreading depression (CSD), discovered by Leao 
in 1944, is a transient negative direct current (DC) potential 
shift that slowly propagates throughout the cortex irrespective 
of functional or vascular territories. The main event during 
the generation and propagation of CSD is the depolarization 
of a critical mass of brain tissue associated with a massive 
increase in extracellular K+ and neurotransmitters, water 
inßux into the cells and shrinkage of the extracellular space 
volume (Kraig and Nicholson 1978; Gardner-Medwin 1981; 
Somjen 2001).
Under experimental circumstances, various stimuli or 
functional states can trigger CSD, e.g. electrical stimulation, 
cortical trauma, high concentrations of excitatory amino acids 
or K+. Different experimental models have been introduced, 
such as the recording of CSDs evoked during continuous 
topical KCl application (Ayata et al. 2006; Kudo et al. 2008), 
or the microinjection of KCl into the brain tissue (Richter et 
al. 2008, 2010).
In humans, CSD was for a long time mostly associated 
with the pathogenesis of migraine aura (Lauritzen 1994; 
Pietrobon and Striessnig 2003). Human imaging data have 
revealed the occurrence of a CSD-like event during a migraine 
attack (Woods et al. 1994; Hadjukhani et al. 2001). Recent 
research, however, demonstrated the occurrence of CSD with 
prolonged depression periods in the ECoG in patients with 
brain injury, brain hemorrhage and ischemia (Dohmen et al. 
2008; Hartings et al. 2009).
In in vitro studies, it has been shown that oxygen and glu-
cose deprivation, for example, cause an anoxic depolarization 
similar to CSD (Jarvis et al. 2001). The question arises as to 
whether ischemia-related CSDs occur in the adult brain, and 
whether this is a relevant pathological mechanism via which 
to link hypoxia with a neuronal dysfunction.
During recent years, we have worked on the Þelds of both 
migraine and ischemia-induced pathophysiological states 
and the possibilities of neuroprotection (Robotka et al. 2008; 
Sas et al. 2008, 2010; Vamos et al. 2010). It seemed reason-
able to introduce the study of CSD into the methodological 
repertoire used in our laboratory for the investigation of the 
pathomechanism of migraine and brain ischemia, and protec-
tion procedures.
We introduced two models of CSD induction: i) CSD 
evoked during continuous topical KCl application, ii) CSD 
induction through a KCl microinjection into the cortical tis-
sue. The aim of this study was to adopt these methods and a) 
to quantify the basic parameters of the CSDs (the mean ampli-
tude and the duration of half the amplitude), b) to determine 
the average CSD frequencies during continuous topical KCl 
application, and c) to study the relation between the evoked 
potentials (EPs) and CSDs.
Materials and methods
Animals
The experimental procedure used in this study adhered to the 
protocol for animal care approved by the Hungarian Health 
Committee (1998) and the European Communities Council 
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Directives (86/609/EEC). Male Wistar rats (230-250 g) were 
used in the experiments. Every effort was made to minimize 
the number of animals used and their suffering. The animals 
were kept under 12-h light and 12-h dark conditions, with 
lights on at 6 a.m., and were raised with free access to water 
and food pellets. The room temperature was 22 ± 1¡C.
Surgical procedures
All surgical procedures were carried out under deep anesthe-
sia. During the experiments, the animals were anesthetized 
with an intraperitoneal injection of urethane (1.3 g/kg, i.p.), 
and their heads were then Þxed in a stereotaxic head-holder 
(David Kopf. Instr.). On the left side, above the occipital 
cortex, a hole (diameter 1-2 mm) was made with a mini-drill. 
On the parietal part of the skull (just above the primary so-
matosensory area), the cortex was also exposed via another 
hole (diameter also 1-2 mm), with the same mini-drill (Fig. 
1). The exposures were made under saline cooling. The dura 
mater and the underlying archnoidea were removed. After 
surgical preparation, the cortex was allowed to recover for 
30 min under saline irrigation. 
Recording of DC and evoked potentials
Ag/AgCl reference electrodes were Þxed onto the skin of 
the neck. Intracortical DC potentials were recorded through 
use of a glass micropipette Þlled with 150 mM NaCl. This 
microelectrode was inserted into the primary somatosensory 
cortex to a depth of 1000-1200 µm corresponding to corti-
cal layer V. In parallel with the DC potentials, EPs induced 
by whisker pad stimulation (4-6 V, 0.2 ms, 0.1 Hz), were 
recorded from the cortical surface with a ball-tipped silver 
electrode. The details relating to the stimulation and cortical 
recordings of EPs were published earlier (Farkas et al. 1999; 
Nagy et al. 2010). The distance between the intracortical 
(DC) and cortical surface electrodes was less than 1 mm. To 
elicit CSD, either continuous KCl application was carried 
out or 1 µl of KCl (3 M) was injected with a microinjector 
(CMA/100) into the cortex. For continuous KCl application, 
a cotton ball (2 mm in diameter) soaked with 3 M KCl was 
placed on the pial surface and kept moist by the addition of 5 
µl of KCl solution every 15 min. The number of KCl-induced 
CSDs was counted for 2 h.
Data acquisition and evaluation
The ampliÞed responses were fed into a computer via an 
interface. All data were recorded on a PC by using custom 
signal acquisition programs (Neurosys, Experimetria). As 
concerns the EPs, each point in Figure 2B represents a single 
somatosensory EP (SEP). 
Results
In some experiments (6 rats), CSD was induced by a single 
microinjection of KCl (3 M, 1 µl) into the frontal pole of 
the occipital cortex (Fig. 1). This single injection induced 
1-3 CSD waves, which were recorded in the primary soma-
tosensory cortex, 3.6 mm apart from the site of the injection. 
The parameters of the CSD waves: the onset latency of the 
Þrst wave: 66 ±12 s (n=6); maximum amplitude: 20±8 mV 
(n=13); and duration at half-maximum amplitude: 39±15 s 
(n=13) (Fig. 2A).
In parallel with the CSD, SEPs were recorded from the 
pial surface of the primary somatosensory cortex. Whisker 
pad stimulation evoked cortical responses with about 450-500 
µV. The amplitudes of the evoked responses were stable for 
a long period, except during the CSD waves. When a CSD 
wave arrived, the amplitude of the SEP gradually decreased 
and in parallel the amplitude of the CSD wave increased. 
When a CSD wave was at its maximum, the amplitude of the 
SEP was close to zero µV, and it virtually disappeared. As 
the CSD amplitude decreased, the SEP amplitude increased 
in parallel. Between two CSD waves, the SEPs were fully 
recovered (Fig. 2A, B).
In another series of experiments, the continuous topi-
cal application of 3 M KCl evoked repetitive CSD in all 
the animals studied (n=3). Under the given experimental 
circumstances, the average CSD frequency was 36±3 CSD 
waves/2 h (Fig. 3).
Discussion
Although CSD was discovered more than 60 years ago (Leao 
1944), our knowledge of its mechanism, and particularly its 
Figure 1. Schematic drawing showing the configuration of the experi-
ment. 1: A hole above the occipital cortrex (-5;2 mm from the bregma) 
for the administration of KCl. 2: An exposed area in the parietal part of 
the skull beyond the somatosensory cortex (-3;5 mm fom the bregma) 
for the recording of the CSDs and SEPs.
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relation to the different pathological conditions such as mi-
graine and ischemia, is rather limited. It is generally accepted 
that a migraine aura reßects the migration of CSD over the 
cortex. It has also been suggested that CSD may participate 
in the generation of head pain in migraine (Moskowitz et al. 
1993).
A short-lasting interruption of the cerebral blood supply 
(up to 1 min) is known to cause a cessation of EEG activ-
ity, but this is usually not accompanied by a CSD wave. A 
prolonged interruption of the blood supply, however, causes 
a long-lasting negative DC shift in the cerebral cortex, which 
undergoes recovery only after release of the arterial occlusion. 
This phenomenon has been demonstrated both in the cortex 
(Leao 1947) and in the brainstem (Richter et al. 2010). 
The precise molecular mechanisms of CSD are not known, 
but two pathological states, migraine aura and an ischemic 
condition of the brain, seem to be related to this phenomenon. 
Brain ischemia induces glutamate release from neurons and 
astrocytes (Rossi et al. 2000). In CSD, glutamate is thought 
to depolarize remote neurons and thereby cause propagation 
of the depolarizing wave (Somjen 2001). However, glutamate 
receptor blockers do not inhibit the onset and propagation of 
anoxic depolarization (Jarvis et al. 2001). At the same time, 
it has been suggested that the brainstem CSD induced by KCl 
administration can be explained by glutamatergic mechanisms 
(Richter et al. 2008).
These literature Þndings clearly demonstrate that CSD 
is somehow involved in such pathological conditions of the 
CNS as anoxic ischemia and migraine. During recent years, 
our research activity has focused on the pathomechanisms 
of migraine and ischemia-induced processes in the CNS, 
and mainly on the possibilities of neuroprotection in these 
conditions (Knyihr-Csillik et al. 2007, 2008; Robotka et al. 
2008; Sas et al. 2008; Vmos et al. 2009, 2010). Although 
the symptoms, the progression and the outcome of stroke and 
migraine differ, there are some common pathophysiological 
mechanisms relating mainly to mitochondrial malfunctions 
(Sas et al. 2010). 
Our recent studies on migraine and on ischemia-induced 
changes in the CNS increasingly require methodology involv-
ing excess glutamate, mass depolarization and glutamate 
Figure 2. Cortical spreading depression (CSD) waves and somatosensory evoked potentials (SEPs) were recorded in parallel in the primary 
somatosensory cortex. A: CSD waves were induced with a single injection of KCl. The three characteristic parameters of  the presented CSDs: 
(1): the onset latency of the first CSD wave: 76 s, (2): the duration at half maximum amplitude of the CSD: 33 s, (3): the maximum amplitude of 
the CSDs: 25 mV. B: Evoked potentials were recorded in parallel with the CSD waves. Each square in this graph represents single potentials. a, 
b, c: SEPs before, during and between CSD waves, respectively. Calibration in insert: 50 ms, 250 µV.
Figure 3. Representative 45 min DC potential recording from the 
primary somatosensory cortex during 2 h topical KCl application to 
the frontal part of the occipital cortex. Calibration scales indicate 5 
min and 5 mV.
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excitotoxiticy. CSD measurement appears to be the most 
appropriate such method. 
In the course of these experiments, we introduced a meth-
od of recording CSD and characterized the main parameters 
of CSD waves (frequency, amplitude and duration). An extra 
feature of our approach is that the CSD waves are recorded 
in parallel with the evoked potentials.
In the near future, this combined method will be applied 
in our research on the pathomechanisms of migraine and 
glutamate excitotoxicity, and in the development of new 
neuroprotective kynurenic acid analogs.
Acknowledgement
This work was supported by grants ETT 026-04 and OTKA 
(K75628 and K67563). The authors declare no conßicts of 
interest.
References
Ayata C, Jin H, Kudo C, Dalkara T, Moskowitz MA (2006) Suppression 
of cortical spreading depression in migraine prophylaxis. Ann Neurol 
59:652-661.
Dohmen C, Sakowitz OW, Fabricius M, Bosche B, Reithmeier T, Ernestus 
RI, Brinker G, Dreier JP, Woitzik J, Strong AJ, Graf R (2008) Spreading 
depolarizations occur in human ischemic stroke with high incidence. 
Ann Neurol 63:720-728.
Farkas T, Kis Z, Toldi J, Wolff JR (1999) Activation of the primary motor 
cortex by somatosensory stimulation in adult rats is mediated mainly 
by associational connections from the somatosensory cortex. Neurosci-
ence 90:353-361.
Gardner-Medwin AR (1981) Possible roles of vertebrate neuroglia in 
potassium dynamics, spreading depression and migraine. J Exp Biol 
95:111-127.
Hadjikhani N, Sanchez Del Rio M, Wu O, Schwartz D, Bakker D, Fischl B, 
Kwong KK, Cutrer FM, Rosen BR, Tootell RB, Sorensen AG, Moskow-
itz MA (2001) Mechanisms of migraine aura revealed by functional MRI 
in human visual cortex. Proc Natl Acad Sci USA 98:4687-4692.
Hartings JA, Strong AJ, Fabricius M, Manning A, Bhatia R, Dreier JP, 
Mazzeo AT, Tortella FC, Bullock MR (2009) Spreading depolarizations 
and late secondary insults after traumatic brain injury. J Neurotrauma 
26:1857-1866.
Jarvis CR, Anderson TR, Andrew RD (2001) Anoxic depolarization medi-
ates acute damage independent of glutamate in neocortical brain slices. 
Cereb Cortex 11:249-259.
Knyihar-Csillik E, Mihaly A, Krisztin-Peva B, Robotka H, Szatmari I, Fulop 
F, Toldi J, Csillik B, Vecsei L (2008) The kynurenate analog SZR-72 
prevents the nitroglycerol-induced increase of c-fos immunoreactivity 
in the rat caudal trigeminal nucleus: comparative studies of the effects 
of SZR-72 and kynurenic acid. Neurosci Res 61:429-432.
Knyihar-Csillik E, Toldi J, Mihaly A, Krisztin-Peva B, Chadaide Z, Nem-
eth H, Fenyo R, Vecsei L (2007). Kynurenine in combination with 
probenecid mitigates the stimulation-induced increase of c-fos im-
munoreactivity of the rat caudal trigeminal nucleus in an experimental 
migraine model. J Neural Transm 114:417-421.
Kraig RP, Nicholson C (1978) Extracellular ionic variations during spreading 
depression. Neuroscience 3:1045-1059.
Kudo C, Nozari A, Moskowitz MA, Ayata C (2008) The impact of anes-
thetics and hyperoxia on cortical spreading depression. Exp Neurol 
212:201-206.
Lauritzen M (1994) Pathophysiology of the migraine aura. The spreading 
depression theory. Brain 117 (Pt 1):199-210.
Leao AA (1944) Spreading depression of activity in the cerebral cortex. J. 
Neurophysiol 7:359-390
Leao AA (1947) Further observations on the spreading depression of activity 
in the cerebral cortex. J Neurophysiol 10:409-414.
Moskowitz MA, Nozaki K, Kraig RP (1993) Neocortical spreading depres-
sion provokes the expression of c-fos protein-like immunoreactivity 
within trigeminal nucleus caudalis via trigeminovascular mechanisms. 
J Neurosci 13:1167-1177.
Nagy D, Knapp L, Marosi M, Farkas T, Kis Z, Vecsei L, Teichberg VI, Toldi 
J (2010) Effects of blood glutamate scavenging on cortical evoked po-
tentials. Cell Mol Neurobiol 30:1101-1106.
Pietrobon D, Striessnig J (2003) Neurobiology of migraine. Nat Rev Neu-
rosci 4:386-398.
Richter F, Bauer R, Lehmenkuhler A, Schaible HG (2008) Spreading depres-
sion in the brainstem of the adult rat: electrophysiological parameters 
and inßuences on regional brainstem blood ßow. J Cereb Blood Flow 
Metab 28:984-994.
Richter F, Bauer R, Lehmenkuhler A, Schaible HG (2010) The relationship 
between sudden severe hypoxia and ischemia-associated spreading de-
polarization in adult rat brainstem in vivo. Exp Neurol 224:146-154.
Robotka H, Sas K, Agoston M, Rozsa E, Szenasi G, Gigler G, Vecsei L, 
Toldi J (2008) Neuroprotection achieved in the ischaemic rat cortex 
with L-kynurenine sulphate. Life Sci 82:915-919.
Rossi DJ, Oshima T, Attwell D (2000) Glutamate release in severe brain 
ischaemia is mainly by reversed uptake. Nature 403:316-321.
Sas K, Pardutz A, Toldi J, Vecsei L (2010) Dementia, stroke and migraine - 
Some common pathological mechanisms. J Neurol Sci [Epub ahead of 
print] PMID:20828765
Sas K, Robotka H, Rozsa E, Agoston M, Szenasi G, Gigler G, Marosi M, 
Kis Z, Farkas T, Vecsei L, Toldi J (2008) Kynurenine diminishes the 
ischemia-induced histological and electrophysiological deÞcits in the 
rat hippocampus. Neurobiol Dis 32:302-308.
Somjen GG (2001) Mechanisms of spreading depression and hypoxic spread-
ing depression-like depolarization. Physiol Rev 81:1065-1096.
Vamos E, Fejes A, Koch J, Tajti J, Fulop F, Toldi J, Pardutz A, Vecsei L (2010) 
Kynurenate derivative attenuates the nitroglycerin-induced CamKIIalpha 
and CGRP expression changes. Headache 50:834-843.
Vamos E, Pardutz A, Varga H, Bohar Z, Tajti J, Fulop F, Toldi J, Vecsei L 
(2009) l-kynurenine combined with probenecid and the novel synthetic 
kynurenic acid derivative attenuate nitroglycerin-induced nNOS in the 
rat caudal trigeminal nucleus. Neuropharmacology 57:425-429.
Woods RP, Iacoboni M, Mazziotta JC (1994) Brief report: bilateral spreading 
cerebral hypoperfusion during spontaneous migraine headache. N Engl 
J Med 331:1689-1692.
